nitroprusside) vasodilators in 25 patients with uncomplicated isolated superficial venous incompetence (ISVI) and 26 healthy controls. Results: Maximum perfusion had the best reproducibility assessed by LDF (CV 20.5-24.3%) and LDI (15.8-17.6%). Both techniques were positively influenced by iontophoretic dose (e.g. p = 0.0001 for LDF) and the use of vasodilator agents (e.g. p = 0.0001 for LDF), but negatively influenced in the standing position and/or in the presence of ISVI (p = 0.0016 and 0.045, respectively, for LDF). There was a statistically significant positive relationship between the two techniques, for example ACh maximum perfusion versus LDF ACh maximum perfusion (r = 0.404, p = 0.016). Conclusions: Both techniques are reproducible, in line with similar studies undertaken in other areas of the human body, and provide useful information for the study of the lowerlimb microcirculation. Direct comparison between techniques based on absolute numbers should be avoided and the technique choice should be based on individual study needs.
and application of a range of techniques to assess the microcirculation. For example, microangiopathic changes (in the venous microcirculation) are closely associated with trophic skin damage, and in turn such skin damage can lead to venous ulceration [4] . Non-invasive assessment of the microcirculation by laser Doppler fluximetry (LDF) and laser Doppler imaging (LDI) has been utilised as clinical surrogate marker (i.e. for systemic sclerosis [5] ), to monitor postoperative tissue perfusion [6] and evaluate the effect of drugs in microcirculation [7] . Additionally, these techniques have been widely used in research in an attempt to study the effect of a range of clinical conditions in endothelial function, including, amongst others, diabetes [8] , atherosclerosis [9] and lower limb venous disease [10] . Although results are promising, lack of standardised procedures and poorly defined reproducibility have limited the number of their clinical applications.
Despite the fact that these two techniques share the same principle [10] there are also differences. LDF electrodes are applied directly to the skin and typically measure within a small area ( ϳ 1 mm 3 ) [11] , potentially leading to spatial heterogeneity and artefact movement. In contrast, LDI usually measures a larger skin area from a distance without touching the tissue, generating a colourcoded image of the spatial distribution of tissue perfusion [10] . LDI is associated with a high capital and maintenance cost (currently in the order of GBP 37,500 compared to the typical GBP 8,500 cost of an LDF system) and LDI can only provide an image of perfusion at a given point. LDF, however, provides a constant measure of blood flow [12] , an important requirement when studying the temporal variation of cutaneous flow.
The technique of iontophoresis is often used as an adjunct to LDF and LDI. This established, non-invasive method enables the introduction of charged substances across the surface of the skin by means of a small electric current. This allows a high concentration of drug to be delivered to a local skin site, based on the principle that an electrical potential difference will actively cause ions in solution to migrate according to their electrical charge [13] . Thus iontophoresis leads to reproducible enhancement of transdermal permeability at a level sufficient to increase the number of diagnostic and therapeutic opportunities via the skin [14] .
The performance and reproducibility of these methods has been reported in a number of studies [10, [13] [14] [15] [16] , but technological improvements (e.g. in the probe design and laser light emission) have been made in recent years. Early LDF studies highlighted that the method was reliable for the short-term investigation of drug effects on the microcirculation and for quantifying changes in the cutaneous microvascular perfusion [15, 16] . This conclusion was drawn, despite the reported differences between proximal and distal sites of recordings [16] and intra-and interindividual differences reported to be 34 8 4 and 41 8 5% for acetylcholine (ACh), and 34 8 4 and 29 8 3% for sodium nitroprusside (SNP), respectively [13] . However, the introduction of newer, more sophisticated probes (e.g. use of a single laser Doppler fibre surrounded by several receiving fibres) has improved results, as the study of a larger volume is enabled [12] . In addition, and although the reproducibility of LDF has been evaluated in other contexts (e.g. choroidal blood perfusion [17] ), studies in the lower limbs have been limited [18] , with no reproducibility studies, to our knowledge, been undertaken in the upright position.
Studies using LDI have reported better levels of reproducibility. For example Kubli et al. [19] , in a study undertaken in the forearm, reported that the mean coefficient of variation (CV) of responses was ! 10% for ACh and between 10 and 20% for SNP. Morris and Shore [20] reported slightly higher values for ACh (e.g. 23.2 8 12.4%), a finding that could potentially be attributed to possible different protocol and study conditions (i.e. the study by Kubli et al. [19] included only male participants, with total current charges of 22 and 38 mC for ACh and SNP, respectively, while Morris and Shore [20] used both male and female participants and applied 7 pulses of 0.1 mA for 20 s followed by one pulse of 0.2 mA for 20 s).
Although the reported reproducibility of LDF and LDI has been variable, it is clear that differences in study populations, laser Doppler and iontophoresis equipment (i.e. using equipment with different penetration depth), the sites studied (i.e. upper or lower side of forearm [21] ), and the conditions under which reproducibility was tested (i.e. different temperature levels) make meaningful comparisons between studies more difficult [19] . Furthermore, and although the two techniques have been used interchangeably, the association between the measurement output is unknown with the factors that affect them being poorly defined and understood.
Thus the aim of this study was to determine the reproducibility of LDF and LDI with iontophoresis in the lower limb in the supine and standing position. Additionally, we aimed to investigate factors that may influence each technique and make recommendations for future use of these techniques.
Methods
Patients with uncomplicated isolated superficial venous incompetence (ISVI), i.e. long or short saphenous vein reflux (CEAP classification: C2-C3) confirmed by duplex scanning (conducted by a trained and accredited NHS clinical physiologist [22] ), who were awaiting surgery were recruited from referrals to the Derby Royal Infirmary Vascular Clinic. Patients with present or past venous ulceration, arterial disease or major skin changes in the gaiter area were excluded. Healthy controls were recruited from the research database in the Division of Vascular Medicine, and the absence of ISVI confirmed by duplex scanning, conducted by a trained and accredited NHS Clinical Physiologist in the Derby Royal Infirmary Vascular Clinic. This research was carried out in accordance with the Declaration of Helsinki of the World Medical Association and all participants gave written informed consent. The protocol was approved by the Southern Derbyshire Local Research Ethics Committee. Sample size calculations were based on our previous work on similar study groups [23] .
Following baseline screening, including measurement of height (metres), weight (kilograms), high-density lipoprotein, total cholesterol and blood pressure (mm Hg), participants attended the Clinical Research Unit on two separate study mornings, 2 weeks ( 8 2 days) apart. Microvascular perfusion and vasodilator responses in the gaiter area were measured in a temperature-controlled room according to the same, standard protocol on both study days. Measurements were undertaken in the morning hours (8.30-10.30), while participants were asked to refrain from smoking and any food, tea and coffee intake prior to the experiment.
Study Periods
Laser Doppler Fluximetry Following 30 min rest with the leg supported at a 30° angle above the heart level, the gaiter area was cleaned with alcohol and dried. Two Perspex iontophoresis chambers were positioned over healthy skin (avoiding any area of lipodermatosclerosis or superficial veins), approximately 2-5 cm apart on the surface of the leg, 4-8 cm proximal to the medial malleolus. Then, 1% ACh (Sigma Chemicals, UK) and 1% SNP (Nipride, Roche Pharmaceuticals Ltd.) diluted in deionised HPLC-grade water were injected into the anodal and cathodal iontophoresis chambers, respectively, with the laser Doppler probe being positioned through the centre of each chamber. The choice of drug concentration and electric current was made, in order to minimise non-specific vasodilator effects [24] .
LDF measurements were made using the DRT4 (Moor Instruments, Axminster, UK), including the skin temperature, perfusion and microvascular dose-response curves for each iontophoretic challenge obtained. After achieving a stable recording of baseline perfusion, LDF responses to ACh and SNP were measured using an incremental-dose iontophoresis protocol [1] . Thereafter, following a 10-min recovery period and the stabilisation of baseline perfusion recordings in the standing position, repeat measurements of vasodilator responses were performed, with the subject upright at exactly the same site to the one used in the supine position. The protocol was repeated on visit 2.
Laser Doppler Imaging LDI measurements using an LDI system (Perimed, Stockholm, Sweden) and following the same procedure and protocol as the one described above were undertaken on the same days as the LDF measurements, 2 h after completion of the latter and following a recovery and stabilising period.
The laser Doppler imager was adjusted to scan the area covered by the two iontophoresis chambers used to deliver the two agents, having a consistent distance from the subject's leg (21 cm).
A battery-powered constant current controller (Perimed) was used to provide a direct current for the drug iontophoresis. Both the duration and strength of the constant current of each dose were defined manually, according to the standard protocol described above. Perfusion responses and the obtained images were stored after the end of each experiment on the computer connected to the laser Doppler imager.
Data Analysis
Microvascular perfusion measured by LDF combined with iontophoresis was determined using three parameters: mean and maximum perfusion (measured in perfusion units), and the area under the curve (AUC, unitless, fig. 1 ). For LDI, the three parameters measured were minimum perfusion (volts), mean perfusion (volts) and maximum perfusion (volts). All quantities were measured at baseline and after each iontophoretic charge (250, 500, 1,000 and 2,000 Cb). Baseline to 2,000 Cb was defined as the difference in perfusion between these two periods.
Reproducibility was determined by comparison of the results from visit 1 and 2, for all the applied charges, both agents (ACh and SNP) and both positions (supine and standing), for each method separately.
Statistical Analysis
Data obtained using commercial software systems (Moorsoft V1, Moor Instruments, UK for LDF and Perisoft, Perimed, Sweden for LDI) was transferred to a database (Excel 2000) and analysed using statistical software (SPSS version 14, SPSS, USA). Outcome measures were first tested for normal distribution using the Kolmogorov-Smirnov goodness of fit test and normalised using logarithmic transformation if necessary before further analysis.
In order to determine the reproducibility of the techniques in the supine and standing positions concordance correlation coefficient [25] and the mean within-subject CV were calculated. CV was calculated by dividing the within-subject standard deviation (SD) by the mean and expressing it as a percentage. The withinsubject SD was calculated as the square root of the residual mean square using two-way analysis of variance. In addition Bland-Altman plots were used to assess reproducibility. Ninety-five percent of the differences between the two measurements ought to lie within 1.96 SD of the differences if good repeatability is present [26] . Looking at the spread of points ensures that there is no relation between the magnitude of the response and the difference between the two measurements.
Wilcoxon signed-rank test (for paired samples) and Bonferroni corrections were used where appropriate. Data is presented as mean (SD). Correlation and equivalency tests (in the form of Pearson's product-moment coefficient and Fisher's exact tests) were used to determine the relationship between a number of methodological (position, vasodilator agent, dose), clinical and demographic factors (presence or absence of ISVI, gender, smok-ing habits, exercise and alcohol consumption). Based on the results of these tests an analysis of covariance (ANCOVA) model was developed to determine their influence on each measure and for each laser Doppler method separately. Similarly, bivariate analysis was undertaken using Pearson's product-moment coefficient to assess associations between LDF and LDI measures of endothelial function. Correlation coefficients were characterised according to Cohen [27] , e.g. small if between 0.1 and 0.3, moderate if being between 0.3 and 0.5 and large if being 0.5-1.0. As no well-established threshold exists, below which within-subject CV are considered as 'good' or 'excellent', we based our interpretation of the results on the work of Harris et al. [28] which suggests that CVs are acceptable if ! 35%.
Results
LDF and LDI were undertaken in 25 ISVI and 26 control subjects. A detailed demographic summary is presented in table 1 .
Reproducibility LDF. The findings from LDF for the three measures were compared for each iontophoretic dose, agent and position between the two visits. No statistically significant differences were observed in measurements between the two visits (p = 0.77, Wilcoxon signed-rank test). Maximum perfusion was found to be the most reproducible quantity at baseline to maximal charge ( table 2 , fig. 2 ).
LDI. Maximum and mean perfusion were found to have similar CV for LDI (ranging from 15.8 to 17.6% and from 15.2 to 18.7%, respectively), with minimum perfusion having the lowest reproducibility ( table 2 ) . No statistically significant differences were observed in measurements between the two visits, for both agents and positions studied (p = 0.80, Wilcoxon signed-rank test). A sample Bland-Altman plot is presented in figure 3 .
Perfusion and AUC Determinants
Separate ANCOVA models were developed to determine the factors that affect the different LDF and LDI measurement quantities. As our previous studies have in- Color version available online ( table 3 ) . Similar results were obtained during LDI measurements, with all three quantities being simultaneously influenced by the same factors. Conversely, gender was not found to be of significance for any measurement for both techniques, while smoking did not have a statistically significant effect on maximum perfusion, despite the fact that it affects mean perfusion and AUC in LDF and mean and minimum perfusion in LDI.
Associations between Measurements and Techniques
The exploration of the associations between LDF and LDI measures was divided in two sections ( table 4 ) .
With respect to the intra-technique relationship, statistically significant correlations were identified between LDI measures in ACh vasodilation measurements: e.g. LDI maximum perfusion with LDI mean perfusion (r = 0.763, p ! 0.001). Similarly for LDF, Maximum Perfusion was strongly correlated with AUC (r = 0.78, p ! 0.001) and Mean Perfusion with AUC (r = 0.925, p ! 0.001).
Intertechnique associations between different measures of microvascular vasodilator function were significant, yet generally, moderate [27] at best: i.e. LDI maximum perfusion with LDF maximum perfusion (r = 0.404, p = 0.016). 
Discussion
Assessment of microvascular function is clinically important across a range of conditions including venous disease. Recent refinements in LDF equipment including the calculation algorithms [29] have led to researchers [16, 18, 30] supporting the use of LDF as an effective and useful tool for evaluating the cutaneous microcirculation, provided that standardised procedures are followed [12, 29] . Given that an assessment tool should be reproducible, but the microvascular beds differ within the human circulation, this study provides important new information with respect to the reproducibility of LDF and LDI in the lower limb [19] .
Analysis of the three commonly used LDF parameters measuring microvascular perfusion and reactivity showed that maximum perfusion had the highest reproducibility, with AUC having the lowest. With respect to LDI, maximum perfusion and mean perfusion were the most reproducible measures, whilst the minimum perfusion was found to be the least reproducible.
Direct comparison between LDI reproducibility studies can be very difficult [10] but our findings are in general agreement with previous reproducibility studies undertaken in the upper limbs in normal subjects [10, 19] and in patient populations [21] . This suggests that the combined use of LDI and iontophoresis is reproducible, provided the recording sites are standardised and adherence to a protocol is maintained. This is the first study to examine the reproducibility of both techniques and their standard measurement quantities in the upright position. Our findings suggest that using our standardised protocol the reproducibility in the standing position is similar to that obtained in the supine position ( table 2 ) ; we hope this study will pave the way for more studies in the upright position.
In general, assessment by LDI was more reproducible than LDF. It is possible that the higher CV observed in LDF is affected by the dermal perfusion variations that occur within ϳ 1 mm 2 of skin, which is the area that the LDF probe operates on [11] , or the choice of measurement site (gaiter area), as this is one of the factors affecting LDF measurements [12] . This could also reflect the fact that LDI involves simultaneous perfusion measurements in a very large number of points. The latter suggests that a direct comparison between the two techniques based on absolute numbers should be avoided. We would recommend that LDF should be used for studies requiring continuous measurements with LDI being utilised as a means of studying larger surface areas. The lack of strong association between the two techniques further supports this recommendation and suggests that the techniques cannot be used interchangeably, an argument supported in the literature [31] .
The final part of this study explored the effects of a range of clinical parameters on the LDF and LDI measurements. Iontophoretic dose, bodily position, vasodilator agents, the presence of ISVI and smoking were more likely to influence both LDF and LDI measurements. Further work is needed to clarify the importance of this finding, however, it can be postulated that the combination of smoking and ISVI can be a very serious inhibitor of microvascular perfusion and reactivity.
This study is the first to our knowledge to directly compare LDF and LDI combined with iontophoresis in both supine and standing positions in the lower limb and assess the reproducibility of standard measures, assessing their inter-and intratechnique associations and exploring factors that affect them. We have shown that both LDF and LDI, in both positions, have a reproducibility similar to if not better than other biological measurements [32, 33] and, therefore, can be used in the study of the pathophysiology in a number of conditions affecting microcirculation (e.g. ISVI, diabetes) without any debate about their applicability. As we have successfully presented on this occasion by studying the effect of a number of methodological, clinical and demographic factors, perfusion measurements are affected by a combination of conditions and parameters (e.g. ISVI, smoking and prolonged standing), an observation that can be helpful in the provision of clinical recommendations.
